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Abstract

Experiments show the effect of self-induced convectlion on Individual den-
drite growth |[n unlforaly supercooled samples and solidification of the
resulting mush under conditfons of high (2) and low (.05) g. Convectlion is
visuallzed by a Schlleren optical system or a Mach Zender Interferometer. For
fce crystals growing from the vapor in alr, a slight reduction In linear growth
rate occurs under lov g. For [ce crystals growing from NaCl solution, dendrite
tip velocitles are unchanged, but subsequent mush solidiflication {8 enhanced
through dralnage channels under higher g. By contrast, sodium sulfate deca-
hydrate dendrites growing from solutton produce convective plumes which lead to
higher tip growth rate only as the crysfal growth direction approaches that of
gravity. Convectlve plumes are laminar for small (100 m-om) crystals under
conditions of these experiments; the risge velocity of such plumes is greater
than individual vortex rings under {denticai condlttions. Convectlion effects are
only present In solutlon under a critical supercooling less than about 5°C for
sodlum sulfate and 2°C for ice In sodium chloride since at higher supercooling
the crystalllzation velocity, proportional :5 the square of the supercooling,
exceeds the convective velocity, proportional to the square root of the super-
cooling. The role of convective velocity In bulk solidification is to give a
large scale flow which under extreme cases may lead to extensive secondary
crystal production, which alters the resultlng crystal texture of the completely
solidified wmelt, Sugpestions are made for further studles under more highly
controlled conditions of a shuttle/space station enviromment. Future experi-
ments for {nvestigating the fundamental 2spects of both extreme crystal growth
hablts and assoclated fluld motlon should utilize a variable g environment from

< 1073 o at least 2 g.



1. TINTRODUCTION.

Change of phase In any physical system is critlcally linked to two pro-
cesses, First, nucleation requires a thermodynami{c driving force to overcome a
potentlal barrler to form an embryo large enough to grow rather than dissipate
under the ambient conditlons. Second, the mass and heat transfer process l[s
limited by both kinetic phenomena at the Interface between the two phases and
molecular transport processes towards and avay from the Interface Iin the bulk of
the materlal. These conslderations have general applicabillity for all phase
changes - solld - liquid - vapor, whether as pure materials, as a mixture, or as
a solutlon. A speclal case arlses when mass transport can be neglected, as for
example In crystalllization from a pure melt or vapor where growth rate Is en-
tirely determined by kinetic and heat transport consliderations. Even In thls
case, In practlice, trace Impurity segregation at the Interface may eventually
lead to some limitatlion resulting from mass transport consideratlions, as in the
case of - vapor + llquld + solld (V.L.S.) crystal growth. 1In a simllar way, it
Is possible that heat transport can be neglected, and the situation be entirely
controlled by mass transport or kinetic effects - as In the case of slow glass
crystallization. 1In general, all three aspects of the crystalllization process,
b-at transport, mass transport and Interface kinetics must be assessed.

The nucleatlion process itself is often dominated by the presence of impurity
nucleatlon centers, which prevent the occurrence of substantlal supercooling or
supersaturation., O0On occasfon however, situatlons can be contrived where these
centers are essen;lally absent and nucleation occurs by growth from large
clusters of atoms and molecules arislng by molecular fluctuatlons. This {s
homogeneous nucleation of the substance by Itself as opposed to heterogeneous

nucleation by impurity.



In practice, experlmental technlques for the study of thls process convenlently
follow from the simple process of taking smaller and smaller ssapies until the
probabllity of having fimpurlty Induced heterogeneous nucleatlon Is reduced to
Insigniflcant levels. Nature effects this technique very effectively in clouds
{n the atmosphere, which consist of water droplets some 10 m diameter, many of
which can supercool to temperatures near - 40°C, to freeze by homogeneous nucle-
atlon (Mason, 1971). This situatlon Is opposed to that of freezing of a bucket
of water which readily occurs at less than a fev degrees ;f supercooling by the
chance occurrence somewhere throughout the volume of one Impurity nucleus.
Similar considerations apply for the solidificatlon of all substances. A second
complicatfon arlses In the freezing of large volumes in that secondary crystals
may be produced in assoclatfon with the primary growth., These crystals grow and
are transported to places elsewhere ir the melt either by Induced fluld flow or
because of thelr own buoyancy. 1In freezing rivers, these secondary crystals are
readily visible as large numbers of "frazil™ lce discs (Daly, 1984), which
result In a complex polycrystalllne structure of a frozen melt even though Its
freezing may have been Initliated by a single crystal (Estrin, 1975). Similar
phenomena and crystal textures occur In crystallizing metal Ingots (0'Hara and
Tiller, 1967; Garabedian and Strickland-Constable, 1974). A further complica-
tion arises at very large supercoolling when nucleatlon of new crystal orfen:ta-
tions may occur on a crystal already growing to give a poly-crystalline
structure by qulte a different physical process (Hallett, 1964; Knlght, 1C71),
electrical effects may enhance the process {Evans, 1973).

The consideratlions outilﬁed above can readily be carrlied over to crystalli-
zation of other svstems. For example, ice and sllicon have much in common (both
expand on freezing), and the Inlitlal crystallization and subsequent freezing of
liquid drops have similarities In spite of the difference of melting tempera-

ture,



Investigations of these phenomena may be greatly facllltated by study in an
environment of low gravity. Particles of one phase In another are usually of
different densitles, ind sediment by buoyancy. While suspension on flbers or a
substrate Is possible to avoid sedimentatlon in a gravity environment, such sur-
faces lead both to undesirable nucleation sites and to additlonal heat transport
during growth. Second, natural convection occurs around particles of different
phase becasuse of the density differentlals resulting from wmass and temperature
gradients In the fluld ftself (Carruthers, 1976; Hallett and Wedum, 1978; Chen
et al,, 1979), In high gravity, this wotlion enhances both mass and heat
transfer, and local fluid shears may lead to crystal fragmentation.

In the complete absence of fluid motfon, with transport occurring entirely
by molecular processes, instabllities develop which Interact with the crystal-
lographic anisotropy and lead to growth Ln non-spherical or non-cylindrical
shape (Mullins and Sekerka, 1963). In thls case the higher order solutlons of
the Laplacian of a spherical or the equivalent ior a cylindrical diffusion fleld
relnforce periodic varlations In the crystal symmetry. Such Instabllitfes are
changed further by fluld motlon (Glicksman et al., 1984; Fang et al., 1985;
Glicksman et al., 1986) inducing periodicities different from or superimposed on
those ~f che crystal structure {tself. Similarly, hydrodynamic instability of
boundarv layer fluctuations when an fmposed fluld flow is present may lead to
fluctuation {n impurlty concentratfon (Carruthers, 1976). In the same way growth
of a falllng crystal will be (nfluenced by both natural convection of the en-
vironment because of fluid density differences resulting from Its growth, and
its own fall wveloclty. The ultinﬁté crystalline structure of a frozen melt or
an aggregatlon of crvstals grown from the vapor such as a snow pack, and its
mechanlcal and electrical characteristics will be dramatically [nfluenced bv the

detail of these parameters.



The ultlmate structure of the whole aggregate - frozen melt or snow pack
depends on rwo distinct processes. The Initlal processes result from crystal
growth and crystal motlion and sedimentation. The second process results from
heat transnort at the perliphery., A supercooled melt bdegins crystallization by

dendrite propagation throughout the volume, freezing a small fraction; f:

fe | -— (5 = melt speciflc heat, L = fuslon latent heat)
AT = supercoollng

at small supercoolling, followed by complete solidificatlon from the outside.
This may or may not be gymmetrical, depending on the symmetry of the heat loss
at the outside walls. Prlor to complete solidification, bouyant fluid motion
may occur within the mush, depending on the cell size (Powers et al., 1985,
Huppert and Wc-ster, 1985). Both stages may give rise to Impurlty distribution
and segregatlon whlich lead to a complex structure; fn the case of a substance
which expands on freezing (as ice or silicon) Internal pressures often lead to
ejectlon of melt as a splke and possibly mechanical fracture. In the atmosphere
or in a shot tower this can lead to drops of simple or complex structure de-
pendIng on the condlitions. The detalled structure of such frozen drops has
inplication In the use of sollidified frozen metal droplets when used, for
example, as the basis of material for powder metallurgy or solar cells.

This report describes experliments performed In the labotratory and In a gra-
vity environment controlled by a maneuver of a KC135 alrcraft. Experiments uti-
lize short (20s) perliods of low g In a parabollc- trajectory and higher (1.8) g
In pullout over a somewhat longer period. The studles form a basls for experi-
ments which can unlquely utillize long perjods of low g avallable on space sta-
tion or shuttle environment to enhance our understanding of the role of

convection In crystal growth.



2. FEXPERIMENTAL.

a, The systems: Two qulte distlnct systems have been utlilized to study growth

of dendrites:

f. A volume of 1{quld is un{formly supercooled (supersaturated)* with respect
to the solld phase. This f{s achieved by taking a tank of volume 10 to
1000 al, and cooling it to a unifora temperature, such that nucleation does
not occur. Unfiformity of temperature, Investigated by a probe traversing the
volume [s uniform to + 0.1°C In these experiments. Nucleation is achieved in
two ways, In the .irst case, s single crystal of known orientation is slowly
Inserted Into the upper surface of the liquld; the subsequent growth takes
place downwards Into the 1llquld and msy be single crystalllne, f{sowmorphic
with the nucleating crystal, or polycrystalline depending on the remperature.

In the second case, nucleation is aclileved by moving a small crystal or a
liquld nitrogen cooled wire along a narrow tube which has one end above the
11quid surface and ends In the bulk of the liquid. Crystals grow from the
tube tip Into the 1liquid, and may be single or polycrystalline depending on
the nucleation process and the énount of supercooling (Fig. 1).

*FOOTNOTE : Strlctly “supercooled”™ refers to the temperature difference between

the actual temperature and the equilibrium crystal-liquid temperature; super—

saturated refers to the ratio of excess concentration to equllibrium con-
centration at the liquld temperature (equivalent to relative humidity for water
vapor). Conventlon uses supercooling for a pure liquld, and the solvent, (for
example l[ce growth [n supercooled NaCl solutlon) supersaturation for a vapor or
solute (for example, NaCl crystals growing In a supersaturated NaCl solutlon).

Any solution has the capabllity of belng supercooled with respect to the solvent

and supersaturated with respect to the solute. It could, In principle also be

superheated with respect to boilling at the same time (Hallett, 1968).
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Fig. 1. a, b Contalners for investigating crystallization of uniformly
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liquid. Volume (a) 10 ml, (b) 100 ml.



I1. Steady state supersaturation in a vapor can readily be achleved by using a
thermal diffusion chamber. This comprises two horizontal parallel flat
plates, both covered uniformly with the material being studied. The upper
plate s maintained at s higher temperature compared with the lower plate.
Slnce the vapor density gradient between the plates s approximstely linear
and *he saturated vapor density (Clausius-Clapeyron relatfon) approximately
exponent{al, the mid-region of the chamber becowes supersaturated, with a
maximun just below the center. This value can be calculated In a situation
where all aerosol and other growth sites are absent (Fig. 2a). Crystals
readily grow on a narrow vertical rod in this reglon. This may require being
cooled with 1liquld nlitrogen to nucleate the crystals, which grow radially
outwards. Crystals orfented at 90° to the support eventually outstrip the
others tc glve well defined, Individual single crystals. The chamber deslign
Is such that wall effects (both thermal and concentration) must be unimpor-
tant In the center reglon where crystals grow. This requires an aspect rstio,
width: height > 7:1, [Ratz and Mirabel, 1975] Fig. 2b.

In eaéh case crystal growth is recorded by cine camera or VCR, using a long
worklng distance optical system.

b. Ventilation

The effect of fluld flow on growth rate {n these systems may be Investigated
in several ways. 1In the case of the growth of dendrites in solutions ft is con-
venient to wove the dendrites with respect to the statlonary solution. This Iis
achleved in practice by moving the tute and dendrites Immediately after nucle-
ation by a screw transport (Fig. 1b). In the case of the diffﬁsion chamber,
ventilation mav be achleved by making the chamber part of a wind tunnel

(Fig. 2c) such that air moves In a closed loop horfzontally, the upstream length

of the chamber being long enough to achieve equillbrium of the vapor density and
temperature proflle between the plates (Keller and Hallett, 19R2).
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Fluld wotion also occurs by buoyant convection in low g. This may take place
from the dendrites themselves, since these grow from the amblent fluid and give
rise to local coacentration and temperature gradients and hence density differ-
ences., Motlon may also occur from the walls in the thermal diffusion chamber,
since In practice, these walls need to be maintained slightly warmer than the
linear temperature gradient {imposed at the chamber center to prevent crystal
growth on the viewing windows.

Ina the case of an [mposed motion, velocity can be measured directly. The
crystal orientation with respect to the motion can also be selected by rotating
or tilting the rod or tube. The effect of self-induced convection can oaly be
investigated under speclific conditions. It Is [mpractlicable to use particle
tracers for fluld flow visualization (using for example a Doppler wvelocimeter)
since particles will have unknown effects on the crystal growth. Refractlve
lnde; discontinuities can be visuallzed using Schlleren optics or a Mach Zender
Interferometer, the limitatlion here being that the effect is integrated along
the line of sight through the solution, and depends on the Integrated refractive
Index change along this peth belng great enough. Such sn arrangement can display
the overall density (refractive index) patterns, and give veloclity sagnitude and
direction should minor perturbations In flow occur. The effect of the flow oan
growth can be laovestigated in a non-steady state under conditions of low (0.05)
g Iln KC135 parabola. As soon as low g 1s reached, motions - both locally near
dendrites and overall motions from the chamber walls would be expected to die

out with a time constant

2

d d - system or dendrite size
v

~

v = kinematlic viscoclity
with growth continuing after ~ S time constants uninfluenced by any further

wotlon.
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c. Visualization

Density gradlents around a growing crystal can be visuallzed through the
asgoclated gradient of refractive index. A slmple technique uses a Schlleren
optical system (Fig. 3a). Two large focal length mirrors produce a parallel
bean through the growth region, with a point arc lamp as source, and a knife

edge at the focus. With uniform medium In the path, no light passes beyond the

knife edge; refractive Index gradients deflect the light to give bright regions

where the effect Is greatest (Holden and North, 1956). From a conslderation of
successive shallow layers thickness dz, refractive index change dan, from the

environment n, we can show that the angular devlation s given approximately by

L dn
n, dz
The actual deviation will depend on the profile of g—: in the direction of

viewing and will be represented by an integration over L of the above expression.

The geometry of the layer is obviously very important. A flat slab gives mo
deviation to the beam whereas a wedge will give a deviation to be computed from
the usual relation for a prism, with, either a greater or lower refractive index
than the environment. A better approximation could be achieved with a parabolic
profile to represent the usual boundary layer shape. 1In the experiments to be
described, the dimension of the region iInfluenced by the growing crystal is

~ 1 =sm, Taking the spot size, d, for a zero magnification with Identical mirrors

as 3 mm, an effect would be expected for angular deviation of % ~ 0.1°

(f = mirror focal 1length 1.54 m in these.experlnents). This gives g—s as

~ 1073 ;1. This provides a practlcal lower limitation to the density and hence

refractive limitation of plumes that can detected by this technique.
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A more precise technique which is capable of direct measurement of path dif-
ference uses an Interferometer technique. For a large system (capable of holo-
graph recording) the Mach Zender interferometer Is set up to glve parallel
interference fringes using a monochromatic light source, (Owen, 1982) (Fig. 3b).
Gradlents of refractive index are manifest as deformation of the interference
pattern. The Interference technlque was flrst used by Humphries-Owen (1949) to
Investigate the diffusion field around a growing crystal between optical flats;
the Mach Zender Interferometer gives a much greater working volume well sepa-
rated from the optical surfaces., For a refractive Index difference of An over a

length L for the one wavelength difference between fringes.

An =
L

\ = wavelength of light.

This glves An of 6.3 x 10~% for \ = 632.8 mm and 1, = ]! mm.

The difference between fringes can usually be resolved to better ‘than 1/10
fringe width, so it is clear that the Interference technique is capable of con-
slderable precisfon; the Inherent design compensates for enviroumental tem-
perature changes. The advantage of the Schleiren system is that it is very
simple to set-up and record, not too sensitive to vibrations and local alr con—
vection currents; it gives a large field of view, although only a qualitative
picture of the convection process. In these studies, the Schlieren system was

used In the laboratory, and the NASA Mach Zender cystem in the KC135 studies.

3. THEORETICAL CONSIDERATIONS.

a. Thermal and mass balance.
Some Insight Into the density differences surrounding growing crystals can
be obtalned by a simple heat balance analysis. This has been examined in

detall by O'Hara and Reid (1973) for solution and Mason (1971) for vapor

growth,



15

*Apn3s yamoaB uoTINTOS SETON JOJ I9IVWOISIINIUT JISPUSZ YO

43111148

Wv3g

4304H0J3Y
L8VYH)

H3IL3IW0HITIINIY

HOLSIWYIHL

SeONCPEEPPLIOITINIORGLICROEDS

sss0s80cvccvcrcosnernsnusarevencnane

3WN16A H
1831 — =

I

AlddNnsg
H3IMO0d
VHINYY

VHIWYI

AlddNS
Y3Imod
ERELL L

sy
CERURT
Wvad

1900 8sss0ssessrsessnsst e
esnmosscsssvesscssnssese
000 8020001100030 00000000800l00000080000ssstosecvatocsanns

G OP LS00 RNTENtE000sIt000000000EORNtECstsIlRIOIteEesesonsons

HOYHINW

qt *81a

¢s...u\...........u..u“”.......................... ] I

HO1YWITT0D

AlddNg
H3amod
yasvi

Zozss_

sseacensnans

essecccnnsane

CELLA



16

Conslder a spherlcal crystal growlng from a supercooled or supersaturated
environment. Heat transport can be represented by
.(d!_(t). = - htK(Ts_To) FH . . . » . 1

Where r, crystal radfius, which can be replaced by electrostatic
capacitance for non-gspherical shapes

Tg» Tes surface temperature (considered uniform) and
environmental temperature

K, thermal conductivity of the enviromment
Fp, enhancement by fluid motion
and mass transport by
i‘.!-+hrb(ps-p.)l"n e o o o o2
de .
D, diffusion coefflclent
Pgs Pey sSurface density (considered uniform) and environmental density
Fy, enhancement by fluid motion
As a flrst approximation, we assume that pg>» and T, are at equilibrium and
given by the Clauslus-Clapeyron equation. The equations ignore crystal-
lographlc and kinetfc effects, which give anlisotropy and invalidate the
above assumpt fon of equilibrium.

Under steady state conditlons, there is a balance between outward heat

transport and latent heat released by growth:

dm _dO
LEEE 00000-03

where L is the approprlate latent heat.

This glves Pg ~ Pm - - K - FH . . . . . . . 4
T.TT. T D By

with Fg = Fy = 1 for wmolecular processes without motlon.



It Is convenient to examine the solutlon of the equatlons graphically
(Fig. 4). The full llne here represents the equilibrium relation between the
concentration (solution) and vapor density (gas). The point T,, p, represents
the envirommental condltlons, which arc assumed to remaln unchanged during the
experiment. Equation (4) represents the equation of a straight 1line, which
passes through thls point and Intercepts the curve at Tgs 0g the surface condf-
tions of the crystal. Extreme cases arise for swmall diffusion coefflcient
LD << K, making the llne nearly vertical - there Is no signlficant Increase of
temperature; density difference is given directly by pg (Tw) = po (Fig. &4). For
large LD >> K on the other hand and for a pure material, the slope approaches
zero, and fhe surface temperature Increases to that where the vapor pressure is
close to that of the environment, which limits the rate of growth.

For ice crystals growing from the vapor in air at 1| atmosphere, 1D ~ K so
that the surface temperature llies somewhere between. 1In practice the surface
temperature of the growing crystal is also influenced by the effective curvature
through the Kelvin effect and the molecular kinetlics of the surface. These are
orlentation dependent for a crystal which implies that the actual growth rate
and surface temperature are orientatlion dependent which requires a wach deeper
level of analysis and is currently an important toplic In crystal growth [Huang
and Glicksman, 198la,b; Glicksman, 1984; Laxmanan, 1985 a,b,c; Tewari and
Laxmanan, [987]. Strictly, thls analysis is appllcable: to a solid sphere, and
to a first approximation a dendrite tip and the local flulid can be so consid-—
ered. The analysis cannot be applled directly to an array of dendrites, where
llquid between the dendrites is heated towards the equilibrium point. Under
these conditions, the environmental temperature rises successively as crystal
growth continues through the bulk of the liquid (Fig. 5) until it approaches the

equilibrium point and crystallization ceases (adliabatic crystallization).

17
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Increase of Temperature with Time during Adlabatic Crystalllization of
Sodium Sulfate decahydrate from solution. Trace of temperature
recorded by thermocouple shown in Fig. la. Crystalllzation appeared
complete after 2 minutes, but final temperature was not reached until
4 ainutes later.



In the case of growth In a pure liquld, latent heat from the growth of an
individual dendrite passes Into the environment to Inhibit the growth of neigh-
boring crystals, glving rise to a speciflc dendrite and dendrite arm separation.
Under these conditlons, a mushy system ensues (called spongy Ice for water) In

oAT
Lg

risen to a value approaching T,, coaing to equillbrium at a mean Relvin radius

which a fractfion 1 - remains liquid and in which the temperature has
of the crystals. The equillibrium temperature in this case (ice - solutlon) is
not that of the original solution, since, some ice has formed and rejected fons
to give a higher concentration, and a corresponding further losering of the
equilibrium temperature (Fig. 6). It is clear that the time for this crystalll-
zation, (as Ice in water or solutlon) is much shorter than fcr sodium sulfate
(Fig. 6). This demonstrates the role of crystal kinetics during solidificattion;
there s evidently a rate llalting process for decahydrate growth at a few
degrees supercooling (growth on screw dislocatifons) which 1s absent for fce
growth (growth on a molecularly rough surface). Temperature changes over a long
time (INOO s) on the scale of 0.01°C result from changes of equillbrium radil of
the crystals (Glicksman and Voorhees, 1985). If such a system is large (a magma
chamber, a supercooled tank or lake) the interior regions may be Isolated ther-
mally and diffusionally form the outside, the mechanical structure of the crys-
tals inhibiting significant fluid motlions when the Interstice slze is small. 1In
the case of growth from a pure vapor, (density ~ 10~3 liquid) the ambient vapor
presure can lfe below or above that of the trl-ple poiat. In the former case,
growth may occur {n skeletal crystal form, similar to the liquid but at a much
slower rate; In the latter case the crystal surface temperature can rise by
released latent heat above the triple point and all crystals melt.

In summary, the crystalllzation ¢f a vapor/lliquid is llmited by the presence

of a diffusing medlum and by the way In which crystals grow. The density excess
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around the growing tips cannot be computed from first principles, sln;e estl-
mating the feedback of the environmental conditiuns on the shape and kinetlics of
the crystals {s beyond our current abllity. The studies reported here are
designed to Investigate some aspects of the growch systems from the viewpoint of
glving Insight Into the physical parameters of Importance.

b. Role of fluid motion in crystal growth.

When a phase change takes place, with one or both phases a fluld, density
differences In the flufd resulting elther from changes of composition or dif-
ferences of temperature through latent heat release, as described in the last
section, lead to local buoyant coanvectfion. In addition, more organized wotion
may exist which results from an overall driving force - for example dendrites
grow into a cooling melt with an overall cellular clrculation of the dimension
of the melt Induced by coollng at the upper Interface (Gilpin, 1976).

In general, the onset of convectlon {s given by the Raleigh number,

3
Ra = Apg 4 where, Lpe Is the buoyancy in a system diameter d, thermal
o KV P

diffusivity «, and kinematic vlscosity v. This parameter represents the ratio
of buoyant and vlscous forces in a fluld such that a parcel of fluid will tra-
verse a distance d before significant diffusion of heat and momentum to the
environment takes place. For convection between horizontal surfaces experimen—
tal studles show that convectlon cells begin for Ra > 650; for a tilted or ver-
tical surface some Influence of convection would be expected for values of
Ra > 1 (Turner, 1973).

In the case of crystals growing In a fluid the Idealizatfon of a plane hori-
zontal surface ls clearly not appllicable. 1t is necessary to specify first the
geometry of the growth Interface and the assoclated buoyancy excess; the work to
be described later examines this problem experimentally. 1In the case of natural

convectlon, with a specifled buoyancy excess, the heat transfer can be related
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to a Grashoff number, Gr -%%, ; (Pr = Prandtl nunber~¥ and the Nusselt pumber

Nu, (= Fq, Fy,) selected by dimenslonal considerations:
Nu « thm

For forced ventilation on the other hand with a prescribed velocity, the
heat transfer can be related to a Reynolds number Re,
Nu a Rel?2 ¢ Velocltyvz
If we assume that a buoyant force is balanced by the drag force for large

Reynolds number, with dominant Inertial forces, we have:
4

3 ‘da Am = 1/2 002 CD ‘dz . - . . . 5

Hence,

A i 14
Ua G—EE-E—)

where Cp is the drag coefficient of the buoyant fluid parcel.

Conversely, for small Reynolds mumber and dominant viscous forces

Améa -_"—l'l - - . . . 6
3
52 Apgd?
v heBST . Apgd®
u 13

Where § = flow dimension ~ d crystal dimension and u is the fluld viscosity.

From these dimensional considerations, the convection velocity dependence
changes as the Individual flow becomes turbuleat. In the case of a naturally
convecting system with Increasing ventilation, a general relationship

Nu a Grl/s Rel”2

would be expected in the transition regime

One other parameter of fnterest is the time constant for initlation of a
convective plume. This may be computed to sufficlent approximation by assuming
a coherent sphere (radius d) of fluid of appropriate excess density starting

from rest at the growing crystal. For viscous force domination thls can be



written

i‘ dsp -d—' -&w‘i‘da (O-a!)! . . o 07‘

3 de 3
vhere V {s the changlng velocity In time t, 9, og density of the fluld sur-
rounding the gphere and of the environment, of viscosity n. The solution gives

a2 velocity Increasing expoanent {ally to a limit

el 42(0 - op)
v 3 d ——F

with a time constant
d2

Approximate values are shown In Table | for different situstions. Reynolds
numbers are computed from observed convective velocitles and Indicate a lack of
turbulence In the coavective phase. The small values o: Ra ind{cate oo induced
convectlon at a horlzontll'turfnce; however, coavection obvliously occurs at a
sloping or vertical surface (Ra > 1) when these criterla do not apply, although
lictle could be expected for the case of Ice In alr for smaller crystals under
the specific conditions of Table 1.

In the case of flow at larger buoyancy, giving larger wvelocity and higher

Reynolds mmber we may write

4

7’ (o - op) £ -5 oUd’Gy Y

vhere Cp is an empirical drag coefficieat and a functlon of Reynolds oumber. In

this case

Ua (o - op) nd « « < « .10
o G
This Is to be compared with the direct dependence on (o - op) & for viscous

flow.
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4. DIMENSIONAL AND PRACTICAL OGNSIDERATIONS IN CRYSTALLIZER DESIGN.

a. Diffusion chamber - steady state system.

A crystal growing In the center of the chamber under conditions of these
experiments has a growth rate up to 10 um s‘l, and grows up to 1 - 2 cm long.
Indivlidual crystals are selected for measurements, growlng horizontally: excess
crystals may be removed by shaking and once one crystal ls ahead of the others,
it Is favored for growth. The chamber achleves steady state, once the temper-
atures are set with time constant

2
X

W

Where x ls the water vapor or thermal diffusivity
of the system ~ 0.2 c-2 s~1

With x =112 cm, TH~10s
A wmore practical consideration is that on start-up, nucleil in the chamber need
to be ralned out, so that the alr Is qulte particle free and will enable a
supersaturation to be achleved. This takes 10-20 minutes and can be monftored
separately by a laser scattering experiment. The time constant for intermal

convectfion In the chamber - caused by heat flow from the warmer sidewalls

towards the chamber Interior 1Is similarly
2

v

-9

With v ~ 0.2 cnz g! and d ~ 5 ca gives 1, ~ 50 s. This wmeans that large

scale (chamber size) convection will die out with this time constant. In this
experiment, thls scale of wotlon will not be eliminated durlng the typical low g
of 20 s - It may be reduced by a factor of 0.25 to 0.75. Motlon around a den-—
drite tip on the other hand, with much smaller size (< 0.5 cm), would die away

with a time constant of < 1 s which can be neglected.
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b. Solution growth.

Resldual convectlon In the chamber Is neglected with temperature uniformity
of + 0.05° C. With crystal growth from the chamber center towards the walls,
two llmiting Interactlions are possible. First, a thermal wave may spread out
to the walls, and the whole system may warm up, changing conditions for sub-
sequent crystal growth so the situvation is no longer adlabatic.

The time for this to occur ls

2
x
T = —
K
X =] cm
-3 -1
x water ~ 10 cm s ~ 1000 s

This can evlidently be neglected in any low g experiment. Even In the large tank
experiment, x ~ 10 cm, with slow growth observed over 100 s, these coansidera-
tions can be neglected. It Is polnted out however that in very slow growth
experiments, with crystals growing over several days, these considerations are
of major {mportance, with heat conducted to the chamber walls being removed by
the cooling system, so that the adlabatic condition no longer applies.

A further conslderatlon comes from mass transport by diffusion. Crystals
growing In the center of the chamber establish an approximate spherical dif-

fuslon fjield, which in the absence of convection reaches steady state In a

2
R
time ~

For a crystal | mm - ] cm diameter, D ~10”5¢:-21sml glves 103 to lO5 s. These

times are long for all experiments conducted here; however they are of concern
in long perlods of slow growth which could be attained in a shuttle or space

statfon environment. The time constant for initiation and stflling of the solu-

2
tion under this condition s =< ~XT-

For solution, v ~ lﬂ-l‘ cm2 s“l and T ~ 10" s. Hence under KC135 low g of

20 s, large scale stilling will not occur.
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On the other hand, tlme for Initlatlion of convectlon from a small buoyant
blob Is short. This can be assessed by consideration of the sudden release of a
buoyant sphere of liquid, and computing the time constant for acceleration.

If we assume that a buoyant force fs balanced In steady state by the drag

force for large Reynolds number with dominant Inertial forces we have:

4 3 1 2 2
?Kl' Apg -2‘0[] CD xr 3 . . 3 . 11
Hence,
12
Ua 2B T
p Cp

where Cp is the drag coefficlent of the buoyant fluid parcel,

For small Reynolds number and dominant viscous forces on the other hand:

2
4 3 9 Aor
3 tr Ap 6n nrg and U 3 m

where n Is the fluid viscosity.

Hence, the velocity dependence changes as the Individual flow becomes tur-
bulent, the velocity in thls case resulting from the buoyancy. The time
constant for Initfation of a convective plume may be coaputed to sufficlient
approximation by assuming a coherent sphere (radius d) of fluid of appropriate
excess density starting from rest at the growing crystal and solving the non-

steady state equation. For viscous force domination thls can be written

4 4
3ndap :—: = xndV - 3td3 (o - ople e e« + o 12

where V is the changing velocity In time t, p, og fluld density of the fluid
surrounding the sphere and of the enviromment, of viscosity u. The solution

glves a veloclty Increasing exponentially to a limlt

=242 (0~ 0p)
U9l ——¢

with a time constant
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In the case of flow at larger bouyancy, glving larger veloclty and higher
Reynolds number we may write

4 3 dv 1 2 .2 4 3
38 0 5o 7 PEV Ra’Cp - ga (o-pp)E .« « . .14

where Cp is an empirlcal drag coeffliclent and a function of Reynolds number. In
this case the time dependence comes from the solution of

dv
2 _ (o~ op)

= dt . . . . . . - . 15.
v

al &

3 OE
Iy

p
For the present case, the Reynolds number {s small both for vapor and solutlon
growth. This glves for f{ce in alr cm, ma 1 = 1, .01 8; for a sodium sulfate
crystal, t = 7, .07 s.

It follows that the transient for a mm crystal can be neglected in both
cases, although for a large crystal In solutlon, the steady state convection may
not be attained.

A further practical conclusion emerges from thls snalysis, since the plume

29

velocity Increases as (Ao)uz or as Ap or (A‘I')UZ or AT and the crystalllzation

velocity for free growth Increases approximately as AT2, (Rallett, 1964; Jackson
et al. 1965). There 1s evldently a crlitical supercooling beyond which self [n-
duced convection will not have time to begin. The utility of studies in low g
will lie near or below this value of supercooling.

With increase of Grashoff number, and before the tramsition to turbulence,
some osclllatlion of the convective phase may become evident; (as discussed for
example by Carruthers, 1976; Curtis and Dismukes, 1972; Hallett and Wedum,
1978). This could lead to some osclllatory characteristic of the growth and
needs to be taken [nto consideratfon for these studies under appropriate con-

ditions; indeed it Is this oscillation which is used to Indicate velocity of a

non-steady plume.



These convectlve effects may, In addlition to enhancing mass/heat transport
process, also glve rise to kinetle changes as manifest by transitions of the
kind

discs + plate + dendrlite and columns » needle

with Increase of supersaturation, [Reller, McEnlght and Hallett, 1979]. This
transition Is expected to occur at a critical supersaturation and could be
highly sensitive to the presence of low convectlve velocitles; it is linked clo-
sely to the detall of the way In whlich molecules are transported from the sur-
rounding fluld to the crystal and the thickness of the boundary layer. [Bennenma,
1969; Gllmer and Bennema, 1972; Ovinko et al., 1974; Kirkova and Nikolaeva,
1983; Glicksman et al., 1986].

S. THE SYSTEMS.

The purpose of this study Is to Investigate the effect of Imposed and self-
Induced convection on crystal growth. These systems were chosen for study
partly from physical conslderations (liquids, wvapor, transparency to visible
light, vlsibllity of convective phase), partly for convenience (no hilgh/low tem—
peratures) and partly for ease in demonstrating the fimportance of utillzing a
low gravity environment fn studying fundamental aspects ot crystal growth.

a. Ice crystal growth from the vapor In the presence of a carrier gas.

This sltuation was Investigated using a static thermal diffusion chamber to
produce a known temperature and supersaturation and the KC135 to give changes In
gravity, Typically, gravity varfed from > 1.8 to 3+ 0.05 g with low g being
maintained for ~ 20 s. Temperatures from 0°C to -25°C were avallable with satu-
ration ratios up to about 1.5. Carrler g2s could be changed at wlll from alr to
helium at a known pressure. The results could be compared with snow crystal
growth [n the atmosphere under 1.0 g and In the laboratory both under static and
veatilated conditions. The differentfal optical path was much too short to

visuallze the wotion In these experlments.
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b. Sodium sulfate decahydrate crystals In solutlon.

Sodium sulfate solutlon can be readily supercooled in large volumes up to
1000 ml. As crystals grow, low concentratlon solution is produced near the
dendrite which leads to upward convectlon and can readily be viewed optically
beyond a critical concentration. Results can be compared with laboratory results
In low g and with forced ventilation resulting from moving the growing crystal
at known speed through a supersaturated solution.

c. Ice crystals In sodium chloride solution.

Sodium chloride solutfon can be readily supercooled (as can pure water) in
values ~ 10 nl. As Ice grows solute is rejected at the Interface, the denser
solution convecting downwards. Beyond a critical concentratlon, the plume Is
readily vislble In an optical systenm.

6. CONDITIONS FOR CONVECTION,

It Is evident, for wvalues of Raleigh Number less than unity, (Table ],
P. 25), even In the case of boundarles orlented vertlcally In a gravitational
fleld, any motlons - and their influence on the crystallization process - will
be small. With high values of supersaturatlon, larger values of Raleigh number
may be present, and the effect of self-lnduced convectfion may become apparent.
We examine a number of specific situatlons; bearing fn mind that bouyancy
results from both temperature and concentratfon gradients.

a. Ice crystal growth from vapor.

The excess temperature resulting from latent heat released will always give
rise tc an upward buoyancy around the crystal; in addition, there will be a dif-
ference In water vapor density between crystal and enviroament which can be ex-
pressed as a virtual temperature, the temperature which s required to glive the

same density Lf only pure alr is present. The cases of ice growth in air and
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hellum are different slnce the molecular weight Alr: Water vapor: Hellum are
29: 18: 4., Hence for growth In afr, there 1Is a tendency to lessen the buoyancy
caused by temperature Increase near the crystal; the converse {s true for growth
in hellum., An upper limit of the temperature excess may be estimated from the

equatlions given earller:

Ly dm LyD

Cor i e L. I

Tg - To =
D is Inversely proportlonal to pressure, and K varles negligibly with pressure;
both vary slowly with temperature. Hence the temperature excess varies Inver-
sely as the pressure of the carrler gas, and for a given water vapor supersatu-
ration, depends on D/K for the carrier gas. This shows that the temperature
difference for alr Is approximately twlice that for hellum (Table 2), and Iis
Inversely proportional to pressure. The values of temperature difference com—
~uted for an excess vapor density supersaturation of 10X (saturation ratio of
1.1} glve excess temperatures of + 0.86°C (alr) and + 0.49 (Helium). Saturated
alr at — 5°C has a virtual temperature Increment of + 0.4°C compared with dry
aftr; (density of the vapor Is 3.24 gu’3). For a saturatlon ratlo of 1.1 this
gives a difference of 0.04°C. 1In helium on the other hand, the increment is of
opposite sign and larger by the ratlo of the wolecular weights (29/4), which
glve a difference of - 0.29°C. The net effect is + 0.82°C air, + 0.20°C Hellum.
From these conslderations, it would appear that alr would be more likely to give
a buoyancy effect than helium. The assoclated Crashoff numbers are In a 2 g
environment for a mm crystal, 0.4 and 2 x 103 and for a m crystal 200 and 1

respectively., This is to be compared with acceleratlon nolse values 1/100 of

thlé caused by atmospheric turbulence In the RC135 environment (see Fig. 12).
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As we have seen earller, In the case of Ice growth, the crystal habit may be
extreme - as dendrites or needles - and the mass Increase and heat release may
take place almost entirely on the crystal extremitles. Under these condltlions
there are significant differences of temperature between different parts of a
large (mm) crystal with the growing tips warmer than elsewhere. It 1s not easy
to analyze this situation theoretically. The growth of any point on the crystal
depends cruclally on a balance between local nucleation at a protruding corner
whlch may be molecularly rough, and, further back from the tip, where growth Is
by steps growing back to a reglon of lower local supersaturation (Hallett,
1987). The excess temperature at the tip may be several times that for an equiv-
alent spherical particle, depending on the detalled geometry of the growing
crystal, the maximum being expected for a long cyllndrical crystal or a narrow
dendrite tip. Observatlons by Gonda and Komabayasi (1970) show that the llnear
growth rate of crystals In helium exceeds that of alr under identlcal condi-~
tions.

In the case of lice, the effect will be greatest at high supersaturatlon and
more extreme habit. These consliderations apply near -4°C where the hablt Is in
the form of long columns and needles - the case exa;lned above, and, near -2°C
and -15°C, where the hablt is In the form of dendrlites.

The latter temperature could not be obtained with the system although some
laboratory measurements were made near -2°C. The decision to use hellum at 1/2
atmosphere was made on the basis of the results of Gonda and our 1 g laboratory
studies that growth rates were observed to be highest under these conditlons.
Maximum practical supersaturation was ~50%, to give linear growth rate ~6 m s’l;
in 10s this gives a distance of 60 um. Estlimate of length with the avallable
optics was ~ + 3 m, which made thls particular experiment feasible. Interpre—~
tation of self-induced growth enhancement In low g in terms of Grashoff mumbers

glven above only makes sense using a larger dimension, and iIn any case would
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polnt to a blgger effect In alr than hellum. Absolute growth rates in air great
enough to measure under RC135 conditlons were not avallable in this system (If
greater supersaturations were used (> 50%) the growth of crystals from the base
plate and the walls was excessive).

b. Crystal growth from solution.

A slmllar analysis may be carrled out for Iice growth iIn supercooled NaCl
solutfon and sodium sulfate decahydrate from solutlon, using the fusion latent
heat and diffusion coefflcient of the lons in water. Since all molecular dif-
fuslon processes In water are slow the slope of the 1llne is nearly vertical,
giving a temperature excess -~ 10‘2°C, so that Its effect on buoyancy can be
neglected. The buoyancy In both cases Is therefore glven approximately by the
difference between environment and equllibrlum density resulting only from con-
centration at the supercooling temperature. As pointed out earller, this
neglects klinetic effects at the soli1d-1iquid Interface which will reduce the
buoyancy somewhat, In these cases, Grashoff number with supercooling of 2°C
Grashoff numbers are ~10"2 for a mm crystal and ~10 for a cm crystal. The same
conditlions apply from crystal shape and dendrite tip radil as for growth froa
the vapor (Table 3).

Since quite distinct convectlon s observed in the case of Na;S04 - 10RH,0,
the concluslion is reached that a Grashoff number of 10 computed in this way is
In excess of that required for self-induced convectlion. Table 1 glves a com
parison of the time constant for initlation of convectlon for different systeams.
The time for a crystal tip dimenslon of mm or less Is negligible for systems
exanined here. However, for larger crystals, ~ cm, the times are significant
whlch Is consistent vlth.délays In the plume detachment tc be described later

(Flgs. 19, 19).
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7. ICE CRYSTAL GROWTH FROM THE VAPOR.

a. General Consliderations: When snow crystals grow in the atmosphere, the
ohserved external form of the crystals is generally hexagonal, the hablt (ratio
of a/c axis) and the degree of completlion of faces (dendritic or needle crystals
compared with plates or columns) depends critically on temperature, supersatu-—
ration and fall velocity (Hallett, 1987). Whilst at low supersaturaticn the
hablt of Ice crystals may be determined by the presence of emerging dislocations
in preferred directions, under most atmospheric conditions, where the saturation
s close to water saturatlon, growth s determlned by surface nucleation and
layer spreading and the habit by differential effects on planes perpendicular to
a and c axes, Laboratory experiments (Keller and HRallett, 1982; Alena and
Rallett, 1287) have shown that transition “rom plate to dendrite, and column to
needle can be Inltfated by increase of amblent alr velocity as well as Increase
In supersaturation. This occurs In practice as the fail velocity of a crystal
exceeds a critlical value, or, In the case of a frost crystal, as the surface
wind speed exceeds a similar value. These experiments were undertaken to In-
vestigate whether changes could be achleved by completely removing any wventi-
latfon by growing a crystal under low g. Ice crystal growth under static
laboratory conditlions may give rise to ventilation elther by local convection
from the growing crystal Itself, or by convection on a larger scale in the
chamber [n which the crystal Is growing. This effect If It Is present at all
can be readlly investigated under low g avafilable iIn the KC135. Here, it {s
necessary to utilize the 20 s perfiod of low g avallable. 1In order to optlll;e
the conditlons under which such a study can be carrled out, the maximum linear
growth rate of a crystal wust be realized. Under ordinary atmospheric con-
ditlons thls is ~ 1-2 um s~ (Ryan, et al., 1976). The growth rate of an fce

crystal limited by diffusion and heat condition is glven by
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vhere C Is the electrostatic cspscitance of the crystal ( = radius for a sphere)
and other sywbols have their usual meanings. (See Pruppacher and Klett, p. 448).
The growth rate can be Increased with supersaturatlion g, and by Increase of D
and K. 1In alr at 1 atmosphere and - 10°C the two termss In the denominator are
almost equal,

This analysis is applicable to a crystal with uniform surface conditlons; (n
practlice this is far from the case as different facets of the crystal sre sudb-
Ject to differeat local supersaturation, since different facets show different
kinetics. The result [s that a crystal grows [n a dendritic or needle (non-
faceted) shape where the local supersaturation is greatest and where faceted and
layer growth glve way to contlnuous growth on a wolecularly rough surface. A
thinner crystal (for heat and moisture traansport reasons) grows faster.

Lahoratory results have shown that iIncreases of D tends to glve more faceted
crystals (constant K) whereas {increase of K (constant D) glves more dendritlc
crystals (GConda and Xomabayas!l, 1971). K can be increased by use of hydrogen/
helium ae a carrier gas; D can be Increased by using a gas at low pressure.
Evidently a compromise in chofce of carrler gas (Table 2, p. 33) Is required to
glve maxlmum growth rate. Hellum was chosen for safety reasons; the maximm
growth rate was found empirically.

b. Chamber design and construction.
The static diffusion chamber s formed by tvo flat stalnless steel plates

2R o» In diameter, spaced 3 cm apart, as shown In Fig. 7. A stalnless steel
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wicking materfal Is diffuslonally bonded to the top surface to act as a water
source. This wick is 0.1 em thick, with a capacity of at least 0.07 gn/cn2 of
water. For operation at low vapor pressure, the wick 1s fllled with water at
room temperature and then allowed to freeze. The chamber sldewall Is constructed
of a thick ring of plexiglass. Machlned Into the sidewall are two access ports,
three gas ports, and two window openings. Windows are double pane to minimize
heat transfer to the environment. Dry air s clrculated between the windows to
prevent any water vapor condensation that would Impede viewing. The chamber can
be flushed, evacuated and fllled with other gases, or aerosol as shown In
Fig. R. 1t Is protected from over-pressure by a pressure rellef valve. A glass
fiber (1/2 mm diameter) with mlcrometer control of vertical posltion and rota-
tion Is Inserted in the top center of the chamber to serve as a nucleation site
for lce crystals. It Is necessary to nucleate lce crystals for growth above
- 10°C by a CNy/LN; cooled probe, otherwlse supercooled drops grow on the fiber.
Crystals are viewed through a camera window 2 x 7 cm of optical crown glass,
treated with a non-reflective coatlng. A simllar window with dimenslons as
2 x 11 cm Is provided at 180° orlentatlon for using a Vickers high Intensity
tungsten/ioﬁlne microscope lamp with a water filter Is provided to reduce infra-
red heating from this tungsten lamp. The stereo microscope allows simultaneous
photography with a 16 sm movie camera or a television camera and VCR, and a
35 mm camera equipped with 250 frame cassettes with motorized drive.

The thermal plates are Independently coantrollable through a temperature
range from ambient to ~ 30°C., Each 2.5 cm thick stalnless steel plate has a
N.5 cm thick copper disc brazed to the surface opposite the Inside surface. The
copper s Intended as a thermal buffer to achieve uniforwm temperatures in the
thermal plate. An Insulation package equlvalent to at least 5.0 cm of air

surrounds the chamber to reduce the effects of heat transfer from the environ-

4o



| 1
5 C
A )

I

ORIER

1 SHUT OFF VALVE
2 AIR PUNF
3 DRIERITE CANISTER

— FTeR

d

4 STATIC DIFFUSION CHAMBER

S DOUBLE PANE WMINDOW

6 PRESSURE RELIEF VALVE (p <SBpsi)
7 ACTIVATED CHARCOAL / PARTICULATE FILTER
8 PRESSURE MEASUREMENT

Fig. 8

Chamber filling and flushing connections.



ment. Temperature control is provided by a mlcroprocessor utillzing sampled
data servo technlques, utillzing a servo feedback parameter and f[s provided by
a thermlstor temperature sensor embedded In the stalnless steel plate, The
microprocessor fncorporates a 12 bit data acquisition system. The plate tem-
peratures are drlven by thermo-electric modules which are mounted directly to
the copper buffer. A heat exchanger ls wounted to the other side of the ther-
moelectric modules to di{ssipate waste heat Into a water/lce glurry. Accelera-
tion Is measured by two accelerometers attached to the chamber which glves
vertlcal and lateral cowmponents (sensltlvlty‘i .01 g); chamber pressure by a
plezo electric system through a communicating port.

c. Control System.

Software development for thls Z-80 based computer was accomplished using an
8080 assembler program. The procedure for programming the microprocessor con-
sisted of wrlting the assembly program and downloading the generated machlne
code directly into a buffered PROM programmer. UV erasable PROMS (INTEL 2716's)
were used In our system.

The control system Is designed to operate In two working modes. 1In the
STAEILIZF. wode, servos are updated every 125 ws while temperatures are printed
at programmable Intervals on a thermal printer. Durlng this wode, the operator
may display the output f[nformation of any analog channel on the LED display by
entering the desired channel number via the keyboard.

In the RUN mode servos are updated every 125 ms, while accelerometer data Is
plotted at 125 ms Intervals on the thermal printer. Again, Information from any
analog channel can be displayed one chaanel at a time, on the froat panel LED
display. When this mode ls.exlted, elapsed time, temperature highs and lows,

and acceleratfon highs and lows are recorded by the thermal printer.
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A digltal servo was written for thls software using sampled data wmethods.
Callbrated temperature feedback iInformation Is provided by thermistor tem-
perature sensors. Temperatures are callbrated and displayed {n decimal form.
This 1s accomplished by providing a callbration table In menory for each ther-
mistor., The software provldes table selection, Interpolation, and conversion
routines to generate the display of a callbrated declmal number representing
temperature.

Because the accelerometer output ls essentlally llnear, the accelerometer
signal conditioning circultry was designed such that a simple offset subtraction
could be used on the digfitlzed analog signal. After presenting the onumber in
decimal form, an accelerometer output representing gravity In real units was
reallzed.

4. Control Hardware.

A STD Rus single card processor (PRO-LOG #7803) was selected as the primary
control element of this project. Low cost, small physical envelope, and sulta-
billty for use In a small dedicated systea Is Inherent with this bus structure.

The single board Z-B0 based computer [s driven at a clock rate of 2.5 M AZ,
and had space for 8K bytes of ROM and 4K bytes of RAM. Our control program utf-
lizes the PRO-LOG nonitor, which occuples the first 2K of ROM, and is used for
some of the keyboard utllity routines that are avallable In this package. The
next 4K bytes of ROM are reserved for the control software, while the remaining
2K bytes of ROM are used for storage of thermlstor calibration tables. Less
than IR bytes of RAM are used In our system. Digital I/0 is accomplished using
a Pro-Log card (#8113) fitted with efght 8-bit {nput/output ports. Output ports
are latched and are capable of readback. Selectlon of I/0 function for each

port Is done on the card (Lt Is not programmable).
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e. Analog Cards.

One 16 channel, 12 bit A/D card (Data Translatlon #DT-2722) Is Incorporated
to handle conditloned fnput analog signals from six thermistors, one thermo-
couple and one accelerometer. Two of the thermlstors are used as servo feedback
signals as well as temperature wmonltorling slgnals; the remaining four ther-
mistors are avalilable as spares. One four channel 12 bit D/A card (Data Tran-
sitlon #DT-2726) Is used to provlide control signals to the power ampllfiers used
to drive the TEM heat exchangers. Two of these servo clircults exlst apd two
spare D/A channels are avallable.

A real time clock card (ENLODE #200-1) Is utllized In our package to provide
real time In hours, minutes, and seconds. Month, day, and year are also avail-
able. The card is equlpped with a battery backup, so that the calendar is not
lost during power off perfods. A hardware timeout function avallable on the
card Is used to provide a processor interrupt every 125 ms for clocking the
sampling rate of the servo. An I/0 card is dedicated to a display and keyboard
located on the front panel. A second utillty card s also used for a display,
along with 1/0 control of peripheral equlpment.

Located separately from the microprocessor bus [s the power clrcuitry incor-
porated to drive the thermoelectric modules used In the thermal heat exchangers.
This clrcuit conslsts of two bidirectional power ampliflers; control signals are
pfovlded by the microprocessor. Maximum power output I8 about 15 AMPS at 20
volts for two circuits (combined).

f. Results - Ice crystal growth from the vapor.

The chamber mounted on a palette with computer ready for KCi135 {nstallation
Is shown In Fig. 9. Typlcal acceleratlon profiles are shown in Fig. 10. This
shows that the limit of low gravity studles are essentlally set by the turbu-

lence of the atmosphere In which the aircraft flew. These flights were under-
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taken over the Gulf of Mexlco, the alrcraft helght varying between 20,000 and
30,000 ft. Fig. 10 shows an uncertalnty of lateral acceleratlon + 0.05 g and in
vertlical acceleratlon of 3} 0.05 g at the parabola tip, but higher uncertaintiesg
> + 0.1 g during the high perliod pullout.

In air meaximum linear growth rates of Ice crystals occur at temperatures
where the hablt Is most extreme. This Is at ~ =1.5°C and -15°C for growth as
dendrites {n the a-axls direction and at - 5°C in the c-axls directlon (Rallett,
1987). The growth rate Increases with supersaturation. The chamber was oper-
ated wvith central tewperature between ~ 2° to - 6°C with temperature of the
plates - 18 to + 8°C; this gives a center tewperature of ~ 5°C. This gives long
needles growlng radlally outward from the support (Plg. 11). Empirically, it
was found that the growth rate of needles under identical conditlons of super-
#aturatlon In 1 g was a maximum for hellum pressure of approximately 500 mb.
(Fig. 12). This was approximately twice as fast as crystals In air under the
same conditlions (supersaturation &40 - 50X over Ice).

Experiments under these conditions were carrlied out In KC135 low gravity.
Filg. 10 showing accelerometer records typlcal of such a trajectory, with a low g
perfod of about 16 s. Atmospheric turbulence glves rise to deviations both iIn
vertical and lateral g components, leading to an uncertalnty #* 0.05 g under
low g conditlons. Sowewhat larger uncertaintlies are present under high g, 1.8 +
0.1 g. Measurewments of the linear growth of an Ice crystal needle during
several such trajectories taken continuously are shown In Fig. 13, showing a
varlation of growth rate between 5.9 m s~! (high g) to 2.1 i s~! (low g) with
a mean growth rate of 3.4 |m s‘l. Errors arlise from seasurement of &he locatior

of dendrite and are estlimated + 0.5 um s-1,
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Growth of crystals at very low supersaturatlon and over much longer perlgds
of time (several hours) shows that at this temperature the habit of the crystal
Is dependent on supersaturation (Fig. 14). As supersaturation s changed,
columns transform to plates and back to columns over the range 1Z to 3% Iice
supersaturatlon. Since crystal growth rate is strongly dependent on supersatu-
ration, these effects are difficult to observe Iin the atmosphere where growth
takes place under ventilation with a fall velocity ~ 30 cm s~! and often closge
to water saturation; the crystals which are In fact found are those which grow
most quickly and under the most favorable conditlons. The role of local convec-~
tion elther around the crystal or on the scale of the chamber itself is not
clear. It I{s of Interest that recent laboratory studlies using the dynamic dif-
fusion chamber (Fig. 2b) have shown that faceted crystals can be caused to
sprout at the corners with Increased velocity as little as 2 cm s”l. The growth
rate and the shape changes are far too slow however to be studied in the 20 g of
the RC135 parabola.

R. CRYSTAL GROWTH FROM SOLUTION.

a, Ground based experiments.

It was found experimentally that convection from growing dendrite tips could
be readily observed in the Schlieren system only under quite specific clrcum—
stances. No convectlon could be seen for weak solutions, pure water or pure
D50. This can be Interpreted either as insufflcient optical path difference, or
as the density difference beling too small to lnitlate convection. It is to be
noted that water has a rather flat maximum In refractive lndex quite close to
the melting point (Fig. 15) implying that Lt would be difficult to visualize ice
convective plumes since An = AT, 2° s only ~ 105, {Luten, 1934; Tilton and
Tugler, 1938; Rirshenbaum, 1959; Mehu et al., 1966; Eisenberg and Kauzmann,

1969]. Conversely, under conditlons of high supercooling and correspondingly
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Fig. 14a, b

(b)

(a)

Habit dependence of ice grosth from the vapor in air on super-
saturation at - 5°C. Initial growth: 121 over ice giving a
column; later growth : 1% over ice giving a plate (a); final
growth at 5% over ice to give a hollow column (b).
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high crystal growth the convection did not have tlme to begin before the
crystals grew (Table 1).
i. Sodfum Sulfate decahydrate from solution.

Sodium sulfate crystalllzes as two forms, heptahydrate and decahydrate, each
with quite distinct properties (Pig. 16). The decahydrate is more stable and fis
used In this study. 1In order to ensure nucleation of decahydrate, a crystal
from a crystal solution mix heated to just below the equilibrium polat (+ 32°C)
Is used as a seed crystal. This ensures that no heptahydrate which decomposes
at + 28°C is present. The c;rystal 18 Inserted Into the center of the liquid by
pushing it on the end of a flexible coll through the plastic tube until It just
emerges from the tip (Fifg. 1b). Runs were selected for analysis with an iso-
lated crystal growing In the plane of viewing, elther horizontally or at an
angle as required. Convection occurs from the dendrite tip, and 1is readily
vistble for solutions M > 1.0. Since sodlum sulfate is removed preferentially
from solution, buoyant fluid remains, which convects upwards (Fig. 17). The
growth velocity of the dendrite tip, and that of the convecting plume (the
starting plume tlp or irregularities on the rising plume) is measured directly
from the VCR or movie Image. This fligure shows a plume emerging from the
nucleating tube (a) rlsing straight up, whereas that from the growing dendrite
tip Is bent as [t rises from the growing crystal tip (b). This Indicates that
the plume Is accelerating away from the crystal tip. There is a finite period
and distance prior to the plume detaching from the tlp (Fig. 18), which In-
creases with concentration and supercooling (Fig. 19a). As the supercoollng in-
creases to > ~ 8° C, there comes a distance when the plume fafls to detach at
all and cannot be observed during the course of the experiment because c.ry‘stals
grow radially out from the nucleatling tube and f111 the whole volume before con-

vection begins. Crystals growing upwards with the plume grow significantly
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Point A

represents counditions of a supersaturated solution, 2.2 M;
supercooled by 6.9°C. Oum nucleatfon, crystals grow with a
driving force equivalent to the Intersection of the horizon—

tal line with the equilibrium,

M=0.8¥4



Fig. 17

a) b)

c)

Sodium Sulfate Decahydrate Crystals Growing into Supersaturated
Solution from a nucleation teflon tube below the surface.

Throe crystals are visible; a tiny one at 3 o'clock, the
longest one (whose growth rate was measured) at 4 o'clock, and
one growing downward at 5 o'clock. The two vertical lines
(a, b) at the left are the plumes of depleted solution.

Growing crystals appear dark, because the picture is printed
from Plus-X Reversal 16 mm movie film, 3.0 M, aT = 4.3° C.
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a)
a) 3.0 M, AT = 4,3° C,
d =0.16 am, R=0.02 cm s-1,
b) 3.0M, aT= 2,7°C,
d=17cm R=0.2cms"1,
c) 2.5M, AT = 7.2° C,
d =0.6cm, R=0.1cms-],
d=18am, R=0.2cms"1, b)
Fig. 18: Comparison of Characteristic Length, d, with Supercooling and

Concentration sodium sulfate decahydrate,
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Pig. 19a

~E

Relatlon of characteristic length and supercooling for plume
detachment for a crystal of sodlum sulfate decahydrate growling
horlzontally.



slover whereas those growing downwards grow faster. Downward growth differs
from horlzontal growth by x 1.5 (3 M, 4.3° supercooling). The sequence In a
Mach Zender {incerferometer shows a plume rising from a zrowing tip, the inter-
ference pattern around the tlp Indicating that the initial plume is qulite narrow
- 0.2 mm (Fig. 19b).

Further lasight Into the plume-crystal iInteraction can be obtained by moving
the growing crystal through the solutfon. The plume bends back from the -ovlné
crystal, but Is now almost a straight line, the accelerating reglon belng
shorter (Flg. 20, 21). These photographs clearly show rising plumes from each
crystal tlp, with additlonal plumes rising from sideways growing crystals behlnd
the leading crystal. The precise geometry Is difficult to determine from a
single photograph. The starting plume vortex can be clearly seen in Figs. 20a,
b, c.

11. Crystallizatlon of Ice from NaCl solutlon.

Simllar experliments were carrled out with ice in supercooled RaCl solution.
No effect of convectlion could be seen M < 0.2, nor in pure water or pure Dy0.
Exper iments were carried out for 0.2, 0.5, 1.0 M and also sea water which ghowed
downward convection as WNaCl Is rejected preferentially at the growing fice-
solutfon Interface from horizontal growing dendrite tips (Fig. 22). The starting
plume vortlces can be clearly seen (a-c). Rotice that the plume osclllates
downstream from the moving crystal (f-h). The convection plume is not so clear
as In sodium sulfate solution, however the general characteristics are similar.
Under statlonary conditions, there 18 a greater detachment distance, and as the
crystal Is moved, the plume is bent back from the wmoving crystal, and remains
attached.

{ii. Role of ventlilation on growth.
In both cases, sodium chlorlde and sodium sulfate, the plume velocity once

detached from the crystal is Independent of crystal transport velocity, as would
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Fig. 19

Mach Zender interferogram of 2 N, NapSOq - 10 H0 crystals

growing in solution, 1 g. at supercooling 2.4°C.
This shows a low density plume rising some 3 sm behind the growing
tip, indicating a higher concentration on both sides (a, b). An
fnstability (soliton) moves down the crystal (e) to be released

towards the tip (f).
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Plume from a moving crystal in 2.5 M NaySO4 solution,
Supercooling AT = 4,8° C. Crystal moved left to right
at 0.15 cm s-1 between t = 17 s and t = 78 s,

a, b, c show the starting plume.
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be expected, The crystal growth rate Increases with transport velocity, and
also with supercooling. Crystal tip dimensions are apparently smaller with
Increased supercooling and transport rate, but could not be accurately measured
fn the experiments because of the long working distance. Fig. 23 shows crystal
growth velocity and convective velocity for decahydrate crystals at different
molarities for a given supercooling, under stationary conditions. Both growth
rates and convectlve velocitles increase with supercooling and become equal at a
critical value of supercooling, between 6 and 7°* C. Moving the crystal increases
growth rate, but at higher supercooling has less effect. Fig. 24 shows the
effect of moving crystal at 0.15 cm sl through a 2.5 M solutlion, giving an
Increase In growth velocity compared with the stationary case. The convectlve
velocity Increase Is not signiflicant. Convective velocity, and crystal growth
velocity for Ice growth in varlo:s concentrations of sodium chloride solution
and sea water (Figs. 25 to 28). Here also convective velocity and growth velo-
city Increase with supercooling and become equal at supercooling between 1 and
2°C. It 1is convenient to use a log-log plot to display the effects Fig. 29
shows growth and convectlve velocity for 1, and 2 M sodium sulfate solution for
a transport velocity of 0.26 ca s’l, Fig. 30 for 2.5 M solution with 0.15 cm s™!
transport wvelocity, Fig. 31 shows comparable results for sodlum chloride. The
effect of transport velocity on growth is shown In Fig. 32 for a supercooling of
= 5.5° C for sodium sulfate solutions, Fig. 33 for supercooling of 1, 2° for
sodium chloride solutions. There is no significant effect of transport on con-
vective velocity In elther case. Crystal growth velocities have been extrapo-
lated back to - 0.1°C o s~l. This demonstrates a possible effect of a gilven
convective velocity on growth, which would be slower i{f the crystal grew In
low g.

It Is evident from these results that there exist a region of supercooling

where low gravity and the absence of convection could lead to different growth
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rates. Por both substances growth rates and convectlon rates become equal at a
critlical supercooling; for both substances there exists a temperature where the
difference between convectlon rate and growth rate is a maximum. This decreases
with ventilation and eventually disappears for U ~ 0.04 cm s~! (decahydrate) and
U~ 0.08 cm 571 (Ice In NaCl). For both substances relationships of Fig. 32, 33
can be used to predict growth rates In low g (arrowed) in the absence of kinetic
effects.

b. Low gravity experiments: design criteria.

The results discussed above dellneate optimum situations for finding an
effect of low g on growth. It is immedlately evident from Fig. 24, 28 that
Increasing transport veloclity increases crystal growth rate; speclfically an
increase from zero (le., natural convective velocity) to 0.12 cm s~! Increases
the linear growth velocity by between a factor of 1.5 and 2. Similarly, 1t
appears evident that at higher transport velocltlies that the growing tip Is well
ahead of the naturally convecting plume (Fig. 19, 22) so that no effect would be
expected.

An effect would however be expected for stationary crystals where convectlive
velocitles are less than the crystal growth velocity, and greater than a velo-
city which, within the experimental error of (Fig. 32), would give a measurable
Increase because of the self-Induced motion - say, 0.02cm s~!l. Hence, 1if such
experiments were carried out under low g, it would be expected to see a decrease
In growth velocity below that shown in Fig. 32 to a value equivalent to a trans-
port velocity of between —0.N5 and —0.1 cm s~l.

The low g studles were designed to Investigate the crystallization velocity
of solutfion, both fce In NaCl and decahjdtate from solutlon with supercoollng
about 12 - 1° C and 3 - 4° C respectively. These supercoolings give growth rates
between 100 and 200 m s~! in both cases, which would be expected to be reduced

by about a factor of 0.5 under low g If the extrapolations of Flg. 24 are valld.
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One further consideration of the low g experlment [s the rapidity with which
such natural convectlion will die out, This has already been discussed (Table 1,

n.12

p. 25) for a crystal of tip dimension O.lcm, < ~0.01

= ] s for pure water and

~ 0.1 s for sodium sulfate solution with v ~ 0.1 (Fig. A3). Thus the decelera-
tfon of the convection on entering lcw g and its acceleratlon oan reaching high g
should be readily observable. The next section shows that this {s indeed the
case,

¢c. Crystallization under varying gravity.

1. Sodium sulfate decahydrate.

Fig. 354 shows the interferograms from a sequence from 10-3 g to > 1.2 g. Por
crystallization of decahydrate at 21.8°C, equivalent to a supercooling of 5.0°C.
A buoyant plume was emitted from the capillary tip just prior to‘ entry into
low g; this remained almost unchanged as crystals grev (a - g). A crystal moved,
possibly by surface tension effects, into the field of view polnting dowvnwards
halfway through the parabola. With pullout, this convectlve plume accelerated
(h - z) and, at the same time, two convective plumes (2, 3, flg 34k) det.ached
from the horlzontally growing crystal and accelerated upwards (j - m: these
eventually merge). Meanvhile, a crystal (C, fig 34h) began growing
vertically downwards, as g Increased presumably responding to a vertical
plume rising past its tlp - this pluse is not however seen in the interferometer
as It appears too narrow in vertical flow. The diffusion distance of solute
during the course of the experiment is ~ /D xt . With D = 1075 =2 &! this
glves a distance of 100 um In 10 8 which I8 barely resolved by the Mach Zender
optics. It Is noted that there exists sharp gradients across the rising plume
which persist for > 10 s (a-g). Compare crystals D, E (fig 34t). Measurements
of the crystal growth velocity are shown In Fig. 35. The horizontally oriented
crystals (A, B, Fig. 34h) change little In growth rate during the change of gra-

vity. The reason for thls Is apparent from the position of the convectlve plume;
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Fig. 34
(a-x)

Sequence

Sequence

Crystal growth and convection In 2.3 M sodium sulfate solution,
Nucleatlion was achleved by Inserting a decahydrate crystal into the
tube, Initlal equllibrium temperature 27.0°C; 1initlal supercooling
5.1°C giving An, = 0.06 (A = .6328 m) (from Fig. A4).

Photography of a growing crystal began in low gravity (a), continued
for ~ 17 s at g ~ 0.05 + .02 (with varlabllity due to atmospheric tur-
bulence) and then contlnued as g Increases to > 1.2 g. Growth rates
are given for crystal A, B, C, h In Fig. 35.

A plume of low density had emerged from the capillary (k, 1) and is
essentially stationary during low g, but accelerated upward as g
increased. Two other plumes rise from the horizontal crystals as gra-
vity Increases k 2, 3. The main set of fringes are from monochromatic
light (0.6328 m) with fringe spacing and detail in uniform density
resulting from Inhowogenities in the containmer and the angular offset
of the mirrors. The close fringes shown at the bottom of the cell
regults from the curvature of the glass. Narrow diffraction fringes
occur around all reglons of sharp discontinulty, and are ignored in
this analyslis.

1: a - p shows crystal growth and plume development golng from
low to high g.

2: g - x shows plume development in high g, decreasing on entry
into low g.

The boundary layer around the downward oriented crystal D(t) remains
unchanged from high g to low g, but fincreases as g increases (w, x).
The boundary layer around the slant crystal E(t) decreases in thickness
as the tlp convection decreases and flit:'ly ceases In low g.

Crystals still move around under low g presumably because of capillary
effects.
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it detaches from the leading tip of the crystals. By contrast, the vertically
orlented crystal (C, Fig. 34h) accelerates in growth rate as g Increases from
0.01 to 0.2 to 0.4, to a value of 0.186 + .005 cm s~! at 1.0 g. The width
grovwth rate of the crystal does apparently change as the convective plume rises
back from the tip (Fi1g.35). The tip of the convectlon accelerates as it rises
with the vertically moving plume accelerating more quickly than the elongated
plumes from the horizontal crystals, although the maximum velocitles recorded
(0.2 am s~1) are comparable. Similarly, a buoyant vortex ring generated by
grovwth from a fallen crystal persists as it rises, (Fig. 36, 37a). The isolated
vortex ring rises somewhat slower than the tip of a starting plume from a newly
initfated source (Flg. 37b, ¢). It ls clear from the figures that there is a
stilling time of a few seconds as gravity changes, and that once low g Is
attalned, diffusion over the perfod of observatlon is slow, The wakes visible in
Fig. 36 show persistence over tens of seconds, which Is conslistent with the low
diffuslon rates of solute. Under controlled conditlons, this would provide an
ldeal way of measuring diffusfon coefflcients completely uninfluenced by motion.
This technique would slmilarly provide opportunity for verifying theoretical
concepts of plume and vortex ring wotion, since Inertial effects can be
separated completely from buoyancy effects under low g. It is emphasized that
in these photographs the line of sight dimension glving rise to the refractive
index difference i{s unknown, so that we need to interpret the optical path dif-
ferences in terms of the geowetry of the system - a vortex ring with minleum
density in a doughnut and a plume with minimum density in the center as a
sausage being an Incomplete, transient vortex ring at the rising tip.

The second parabola some 50 seconds later shows additlonal crystals growing
from the container wall; In this case with quite distinct facets (Pig. 34 g-k).
The temperature had risen 1* over this perfod, glving a lower supersaturation.
Following the second parabola several new convective plumes appeared rising with

comparable wvelocity.
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‘ Fig. 36 A bouyant plume which emerged from the nucleation tube in high g
remains almost stationary in low g (a - i), accelerates as g increases

(j - 1). A vortex ring is created from a fallen crystal (out of the
field of view) rises as g increases {m - n), [Initially a wake is evi-
dent, but is not apparent at a later stage {(s,t). wu-2z shows a further
sequence with different internal structure. Supercooling 2. 5°C.
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Further Into the crystalllizatlon process a more general fluld motlion became
evident on the scale of the cell itself as can be seen from the displacement of
fringes towvards the edge of the cell away from the Individual crystals.

1l. Ice In supercooled sodium chloride,

Visible convection does not usually occur from the tips of ice dendrites
growing elther horizontally or vertically; there ls apparently no direct effect
even In high g, This s somevhat at varlance vwith the plume shown in the
laboratory study In Fig. 22. Such a plume was obtained only infrequently in the
laboratory study, as opposed to the sodlium sulfate plume vhlch occurred in every
case and may be related to some acclident of the dendrite structure or msotlion,
Howvever, once the Iniltlal dendrites have grown, there appears to be a secondary
growth which {s more effective [n glving rise to hign dJenslty salt solutlon
which sinks from the spongy lce/solution mixture, and s clearly shown 1n the
interferograms (Fig. IM). This begins sowe 10 8 after the (nltial growth (in
lov g) and requlres a sowmevhat longer perliod to begin flow following the tran-
sition from low to high g. (Fig. 39). A comparable sequence {s shown in
Filg. 40, On one occaslon such a descending plume In high g gave rise to exten-
sive nucleation of small ice crystals as it accelerated downward (Fig. 41). The
plume extended downward some 2 cm from the nucleating slite. Crystals sub-
sequently rose under thelr own buovancy although the Inltial mass retained f{ts
fdent{tv. The lack of distortfon {n the Interferogram shows that the diffusion
of solute from the crystal Plu-e is negliglible.

It follows that In general there are two distinct convectlon reglmes asso-
ciated with dendrite growth In solution. Tvpe I, (as wlth sodium sulfate deca-
hvdrate) convection ;akes place from the Indivi{dual dendrite, and has the
capabllity of increasing the tip growth veloclityv with Increasing orientation of

growth directlon towards the gravity direction,
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A downward growing ice crystal in 6,0% 1,07M NaCl (aT = 1,3° C) gives
no cc vective plume in low g and takes 13 s to initiate a downward
convective plume in high g, The crystal rotates and grows slightly

faster on entry into high g,
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before leaving the dendrite mush,
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Fig. 40 Influence of high gravity on plume convective velocity and growth rate
of a horizontally growing ice dendrite in 6.0% 1.07M NaC),

Supercooling 1.1°C.
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Fig. 41 Nucleation and growth of convective plume transported crystals. NaCl
solution 6.0% 1.07M supercooling 1.3° C. The crystals nucleate alcng
the plume injected downward from the capillary tube after the initial
nuclteation (a, b). As they grow they rise (g > 1.2 in each case), the
crystal line becoming unstable, The higher density flyid is apparently
carried along with the crystals and does not have time to drain,
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Type II on the other hand as with Ilce In sodium chloride, falls to Initlate
convectlon untll well after the dendrite growth front has passed, Irrespective
of the orlentatlon, Convectlon eventually beglns from the bulk of the dendrlte
mass [n definite dralnage channels, leading to laminar descending plumes.

The tlme constant for convection In the first case is subjected to an in-
creasing diffusion boundary layer thickness which detaches as (ts dimension
becomes large enough (the criterlon for convectlon, Ry, 1s proportlional to d3);
{n the second case the reason appears to be residual crystalllzatlen In the
crystal mesh rejecting further solute until the bouyancy is sufficl{ently large
to produce convectlon. This crystalllzation perslsts over an extended period of
time for sodium sulfate, giving rise to local motion in the crystal {nterstices
and results In a slow crystallization conslistent with the slow increase of tem
perature.

Signi{flicant questlons remain concernlng the rate of mass crystallization of
an lsolated glven volume of solution, and the physics of the process of crystal-
lizatlion, recrystallizatlon and Ostwald rlpening over times long compared with
the (nltial growth of dendrites following nucleation.

Influence of ventllation on crystal growth velocity

It Is evident that f{ncrease of ventllatfon Increases crystal growth veloci-
ties both for solution and vapor pnase growth. The functional dependence on
velocity reflects a complex series of physical processes. It Is necessary to
distinguish between these cases where the crystals retain a faceted periphery
with unchanging aspect ratio - thils appears to be the case for NaNO3 investi-
gated by Kirkova and Nikolaeva (1983) and for sodium decahydrate, Chen et al.,
1979 - from those cases where the crystal aspect ratio changes, and in turn from
those cases there comes sprout to give dendrites or needles. In the former case,
growth rate Increases, Initially linearly with veloclty to a maximum value, for

ventilation between S and 15 ca s~! lncreasing with supersaturation. This can
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be Interpreted as a reduction of the boundary layer thickness such that the
crystallization process Is dominated entlrely by kinetic effects and the sur-
face supersaturatlion approaches that of the environment. In the latter case,
for lce fr..m the vapor in alr the veloclity dependence found by both Keller and
Hallett (19R2) and Alena and Hallett (1987) shows a velocity dependence which
increases slowly at first and approaches v”7 only at velocities > 10 cm 8! wvhere
heat/mass transfer dominate (see Miksch, 1969; Cantor et al, 1972). These
changes are assocliated with the translition of a thick crystal to a thinner
crystal to needle or dendritc sprouts, and shares comparable behavior, only with
different geometry for column + needles and plates + dendrites.

The supersaturatlon dependence of growth rate shows a similarly compllcated
behavior, as the shape of the crystal changes. A satisfactory theory s dif-
ficult to formulate, since the physical processes responsible for these tran-
sitions are evidently related to changing surface kinetic processes at different
places on the crystal In relation to fluld wmotlion. A plcture can be hypothe-
sized, that, as the local supersaturation increaces, a transition from defect
growth to corner surface nucleation occurs - the absence of defects for growth
of lce plates gives evidence for this. With supersaturation or ventilation
i{ncrease, surface nucleatlion begins at corners where local supersaturation is
preatest; growth can st1ll occur as facets should layers propogate rapidly to
the facet center. There comes a critlical supersaturatlion where layers fall to
complete and hopper crystals form; the extreme case is the needle or dendrite
which completely lack facets at the tip.

The local supersaturatlon effectively Increases as ventllation velocity
increases. The transition plates » column shown {n Fig. 14 under low super-
saturation shows a klnetic effect whlch would be expected to be Inflienced by
iow velocitles In | g and require higher supersaturation In low g. The growth
rates are much too slow for thls observation in the KC 135 environsment, and

would require the longer perlods avallable in the Shuttle or space statlon.
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This can be quantatlvely analyzed as follows:

Enhancement of growth by ventllation results from a thinnlng of the boundary
layer, the effect subsequently related to the ratio of the momentuam/thermal
boundary layer (Prandtl number) and the momentum/diffusion boundary layer. 1In a
gas these are comparable; in a water solutlon these rates sre 13 and 1600 re-
spectively; hence the transport of heat and solute are controlled by the welo-
clty proflle. Fapirically, thls ives, for a sphere; (Pruppacher and K'ett,
1978) enhanced transport by the factor shown in Table 4,

In low g, the velocitles of transport and coavection {in solution are
~ 0.,2cm 81 and tip radfl ~ 100 ;m, so that the transport dependence is right
fn the transition regime between U and ol/2,  fpor growth from the vapor, for
fal.lng crystals at 20-40 cm s‘l, the regime s clearly Ul/z. In the diffusion
chamber, between 0 and 2 4 (Fig. 13) the linear crystal growth rate approxima-

tely doubdles. This Implies a convection or an {mposed welocity of ~ 2 cm s-1

(nt/2 dependence) (assuming a pl/2 dependence a tip disenzion of 100 um and
v = 0,29 ctz s~! at 800 mb). In one g this would be equivalent to l.4 cm s~ !
(transfer n 11/2) and it remains a question as to whether such a velocity would
effect a hahit change if persisting for a long period - for example, would
columns In one g at 1.4 cm s™1 convective ventilatfon grow as plates in low g at
zero ventllation?

9. OVERALL (ONCLUSIONS.

These experiments, although limited In scope by the short low gravity time
(~2n s) In a RC 135 parabola, lead to some lntriguing questions. There appears
to be a real effect [n growth rate of [ce dendrites from the vapor, with
higher g forces giving faster growth. There is a deflnlite effect In convectlon
around sodium decahvdrate dendrites In solution, but not around ice dendrites Iin

NaCl solution. There {s an effect in convection In Interstices of a crystal-
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TABLE 4
mass: 1 + 0.11 5¢2/3 Re 0.78 + .31 scl/3 ge!/2
heat: 1+ 0.11 pr2’/3 e 0.78 + .31 pr!/3 rel/2
mass: 1 + B7 U .78 + 8.7 UU7
solution
heat: 1 + 3.5°0 .J8 + 1.8 UU2
mass: 1 +0,0570 .78 + 0.2 UV2
air
Yy -1
heat: 1 +0060 .J8 4+ .24 U (Tems )
1.4 > scl/3 rel/2 > 1.
Transition velocity criterias for a sphere:
wa 100um
U <€ 0.05 cm s—l (mass) 0. cm s-l
for solute in water, '
U< 0.26 cm 5 1 (heat) g cm st
0<3.8 c= s_l (mass) 1.0 cm s—l
for water vapor {n alr,
U <1.8 cms ! (heat) S cms !

Enhancement of transport vapor In alr and solute In water with
ventilation for a sphere, as Influencec tv the transport veloclity.



llzing mush, related to pore size. Generally, some Indlcatlon of convective
effects can be assessed from Gr > 10. Under the conditions of these experi-
ments, Re < 100, plume equilibrlum rise is laminar, although starting plumes may
be oscillatory.

The RC-135 Is an ldeal environment for semi-quantitative laboratory bench
type of experiments where the time frame is long enough, since we can obtaln
Ilmmediate comparison of the effect of low (.N5) g and high (2) g on growth and
convection. These experiments are however limited by short time, and the turbu-
lence level of the aircraft under typical clear alr conditfons (_+_ 0.05 g).

Many questlions remain on the nature of convection on the systems studied.
Whilst It appears evident that dendrites and needles growing from elther solu-
tlon or vapor have a moleculary rough interface, the growth mode of the faceted
crystals under low supersaturation s still unclear. The presence of defects
(screw dislocatlions) may be {important for growth under these conditfons and
needs to be Investigated. Equslly Important, the role of slow convectlon In
enhancing local supersaturation, may be important In the crystalllzation pro-
cesses, since under these conditions growth rate Is proportional to the square
of the supersaturation. These questlons are of a fundamental nature, and apply to
the growth of any crystal.

The trans{tlon to growth rate proportional to supersaturation once a critl-
cal valuc for surface nucleation is reached may also be (nfluenced by low flow
velocity. This s suggested by the ground based experiments on habit change of
fce growth from the vapor at lowv supersaturation. These are relevant to solldi-
flcation of a bulk ssaple (a metal casting) where both [nitlal dendrite growth,
secondary crvstall{zation bv dendrite motlon in the resulting overall convectlon
and flnal crvstallization of the aggrregate are all I(mportant. Each stage l[s
influenced by the presence of a gravitational fleld and the resulting fluld

flow.
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In the absence of kinetlc considerations, the adiabatic thermal behavior of
a supercooled solution for ice crystalllization or hydrate crystallization would
be ldentical. The base equations (1, 2) show that the thermal wave spreads out
more quickly from the crystal than the concentration wave, which is controlled
by the low diffusivity of the fons in solutlon. The observed crystallization
rates are rapid, so that beyond a few degrees supercooling a laboratory sized
sample would be solldified to a fractlon conasistent with [ts initlal super—
cooling - ~ 6% for the case of lce supercooled by 5°C. The observations show
that the temperature rise to near the equilibrium point In elther case for ice
i{s Instantaneous — within the response time of the measuring system (< 0.1 s).
By contrast the response time for the sodium sulfate 1s much slower., This is
consistent with a kinetlc effect, Implying that there are no barriers to ice
crystallization -~ we know that growth In the "a” sxis direction is not limited
by kinetics. By contrast, we have evidence that decahydrate crystallization 1is
limited by kinetics at supercoollng less than 1-2°* C. It follows that initial
crystallizatlion in the forwmer case proceeds until che equilibrium temperature is
reached to less than 0.1°C within the time resolution of the temperature meas—
urement; In the second case lower non-kinetlc limited growth proceeds until the
supercooling is ~ few °C, beyond which kinetic limitations are rate limiting and
the temperature rises wore slowly.
These consideratlons lead to the following conclusions:
¢ For dendritfc and slower (faceted) growth, convectlon rates are important
in lmpurity segregation under quite specific conditions. These depend on
crystal kinetics, density excess, (nitiatlon of convectlon, and the fluld
thernal and diffusion propertlies.
* Convection is Important in vapor growth In changing kinetics under con-
ditlons typical of the atwosphere; it s only important in Ice growth [n

solutlons at ssall supercooling and long :iimes.
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e Convectlon Is only Important in sodlium sulfate growth at moderate super-
cooling and under these conditlons segregatlion snd defect structure could
be slignificantly influenced by laék of convectfon in low g.

< Dendrite tip crystalllization is influenced by convection In some systenms;
this effect can be removed under low g. For these not so influenced,
single narrow filaments uninfluenced by convectlion can be produced in the
ground laboratory by withdrawing the dendrite tlp at the crystallfizatlon
velocity. The technique may not be possible for a system exhibiting tip
convection, when an extended low g environment may be advantageous and
allow large dendrite width at lower supercoollng to be produced. The
role of electromagnetic damping needs to be Investigated In this sltus—
tion.

e Inhibition of secondary crystals In larger systems by removal of col-
lision breeding in a non-convecting low g environment can significantly
influence complete solidification of a melt; crystal rearrangement by
surface tension effects would become dominant.

e The low g enviromment 18 valuable for differentlating between buoyant and
inartial effects In ideal fluid flow systems such as vortex ring propaga-
tion or plume tip rise,

An Ideal growth arrangement for such studies will require not oanly the uni-
form low g of space but the capabilfties of high g (by a centrifuge) for compar-
ative purposes. The comparative effect of the high/low g on KC135 have dewon—
strated the utllity of changing g In a controlled way. Future plans for space-

statlon material sclence and fluid mechanics studlies need to take these criterla

into account.
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APPENDIX

Physical properties of solutions.



SPECIFIC GRAVITY

10650

18558

1.0458

14358

10158

15058

- T=2%
1 1
*s 18
MOLARITY

Speclfic gravity - molarity for sodium chloride solution.
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SPECIFIC GRAVITY
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Specific gravity - molarity for different temperatures of sodfium
sulfate solutions. The curved lines are equilibrium for the deca-
hydrate sand the anhydrite.



KINEMATIC VISCOSITY (em?s)
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Temperature dependence of the Kinematlc viscosity of 2.95 M sodium
sulfate solution,
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REFRACTIVE INDEX

A-4
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Refractive Index for sodium sulfate and sodium chloride solutions.
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REFRACTIVE INDEX
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A-5 Temperature dependence of refractive Index for sea water.
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Figure Captions

Fig. 1. a,

Fig.

Flg.

Fig. 2

Fig.

Pig.

Fig.

2b

3a

b Contalners for (Investigating crystalllizatlon of uniformly

supercooled 1llquids. Nuclestion Ls achieved by injecting a
cold wire or a seed crystal f(nto the narrow plastic tube.
The larger coantalner (b) enables the growing crystal to be
moved at a flxed wvelocity up to 0.5 cm s~1 relative to the
liquid. Volume (a) 10 ml, (b) 100 ml.

Thermal diffusion chamber for ice crystal growth from vapor
under controlled temperature, and supersaturatloa.

Thermal diffusion chamber for ice crystal growth from wvapor
under controlled temperature, and supersaturatlioa. Typical
temperature and supersaturation profiles

A 0.59°Cemm-l B 0.47°cmm”! C 0.37°C m!

The dynsmic chsmber for controlled ventilation at velocitles
up to lom sl

Schllieren optical system for Investigatlon of crystal growth
fn solution.

Mach Zender interferometer for KC135 solutiom growth study.

Crowth condition in a vapor w'th variable carrier gas dif-
fusivity. Cooduction dominates in the sbsence of a carrier
gas, and the crystal surface temperature spproaches that for
a vapor pressure at the enviroomental temperature. When dif-
fusion dominates (carrier gas at high pressure) the crystal
and environment are alwost isothermal.
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Fig.

Fig.

Pig.

Fig.

Fig.

Fig.

Fig.

Fig.

10

122

Increase of Temperature with Time during Adlabatic Crystallization of
Sodium Sulfate decahydrate from solution. Trace of temperature
recorded by thermocouple shown in Fig. la. Crystalllization appeared
complete after 2 minutes, but final temperature was not reached until
4 ainutes later,

Increase of temperature followilng adlabatic crystallization of {ce
from NaCl solutlon. Note that the initial temperature of the solu-
tlon is 0.25°C below that of the equilibrium temperature of the ori-
ginal solution; resulting from solute rejectlon during ice crystal
growth,

Cross sectlon of statlc diffusion chamber for lce crystal growth in
air or helium at controlled pressure,

Chamber filling and flushing connections.

Layout of statlc dlffusion chamber for ice crystal growth from the
vapor. It is mounted in palette ready for KC135 parabollc trajectory
flights.

Vertical and lateral g component during low g KC135 parabola
and high g pullout. The effect of turbulence along the flight
path gives g uncertainty + 0.05 in lowg and 1.8 + 0.1 |in
high g with lateral turbulence effects + 0.05 g.

Ice crystals growing In the static diffusion chamber at temperature
- 5° C, lce supersaturatfion 40X in helium at S00 mb pressure.

Linear growth velocity of ice crystals in hellum for different
pressures.



Fig. 13

Fig. l4a, b

Fig. 15

Flg. 16

Fig. 17

Growth of Ice crystals In helium (500 mb) showing lower
growth rate in low g and higher growth rate la high g.

Hablt dependence of ice growth from the vapor in alr on super-
saturation at - 5°C. Inlitial growth: 12X over ice giving a
column; later growth : 1X over ice giving a plate (a); final
growth at 5T over 1ice to give a hollow column (b).

Refractive Index of water shows a flat maximum just below the
equilibrium fusion point R0, and just above for Dp0. In
efther case, the difference was not great enough to glve
vislble effects in the Schlleren system.

Temperature of Melting Temperature of
maximum denslity point maximum refractive
index
R,0 +4°C 273.15°C -2
D,0 +11°C 276.97°C +7

Phase dlagram for sodium sulfate - Hy0 solution. Point A
represents conditions of a supersaturated solutlon, 2.2 M;
supercooled by 6.9°C. On mucleation, crystals grow with a
driving force equlvalent to the Intersection of the horizon—
tal line with the equilibriuvm, AM = 0.8 M

Sodium Sulfate Decahydrate Crystals Growing into Supersaturated
Solution from a mucleation teflon tube below the surface.

Three crystals are visible; & tiny one at 3 o'clock, the
longest one (whose growth rate was measured) at & o'clock, and
one zrowing downward at 5 o'clock. The two vertical lines
(a, b) at the left are the plumes of depleted solutlion.

Growing crystals appear dark, because the picture is printed
from Plus-X Peversal 16 mm movie fllm. 3.0 M, AT = 4.3° C.
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Fig. 18:

FPig. 19a

Fig. 19b

Fig. 20

Flg. 21

124

Comparison of Characteristic Length, d, with Supercooling and
Concentration sodlum sulfate decahydrate.

a) 3.0 M, AT = 4.3° C,
d = 0.16 ca, R= (0,02 cm s”1.

b) 3.0 M, AT = 7.7° C,

d=1.7 cm, R=0.2 cm 5”1,
c) 2.5 M, AT = 7.2° C,
- 0.6 cm, R = 0.1 cm 8”1,
d) 2.5 M, AT = 8.9° C,
= 1.8 m, R= 0,2 cm s~1,

Q. N

Relation of characteristic length and supercooling for plume
detachment for a crystal of sodium sulfate decahydrate growing

horlzontally.

Mach 7ender interferogram of 2 M. Na;SO; - 10 Wy0 crystals
growing in solution, 1 g. at supercooling 2.4°C.
This shows a low density plume rising some 3 wmm behind the growing
tip, indicating a higher concectration oa both sides (a, b). An
instability (soliton) moves down the crystal (e) to be released

towards the tip (f).

Plume from a moving crystal In 2.5 M NaySO4 solution.
Supercooling AT = 4.8° C. Crystal moved left to right
at 0.15 cm s~] between t = 17 5 and t = 7B s.

a, b, c show the starting plume.

Plume from a woving crystal in 1.0 M NaySO4 solutlon.
Supercoollng AT = 5.5° C. Crystal moved left to right
at 0.26 cm s~! between t = 17 8 and t = 29 s.
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Fig.

Fig.

Flg.

Fig.

Flg.

Fig.

Fig.

Fig.

22

23

24

25

26

27

28

Successlve stages of plume behavior of lce crystals growing
in 1.0 M NaCl solutlon. Supercooll AT = 0.5° C. Crystal
moved left to right at 0.15 cm 87! between t = 34 8 and
t'598.

Growth and convective wvelocity as a function of supercoolling
in KRaySO; solution for a stationary crystal at different
molarities. Convective velocity at 3 M not availabdble.

Growth and convective wvelocity for Na;SO4.10H20 crystals in
2.5 M NaySO4 supersaturated solution as a function of super-
cooling. Moved at a velocity Vp = 0.15 cm s~1 through the
solutfon.

Ice crystal growth under statfonary and 0.12 cm s~! transport
velocity in 0.2 M NaCl solution.

Growth and convectlve welocity for ice in 0.4 M NaCl super-
cooled solution as a function of supercooling. Transport
velocity Vpr = 0.17 c= s~1.

Growth and convective wvelocity for ice in 1.0 M NaCl super-
cooled solution determined by supercooling and traungport
velocity.

Crowth and convectlve velocity for Ice {in supercooled sea
water as a functlon of supercoolilng at traansport weloclity

Vp = 0.15 o= s-1,

Crowth and convective velocity for 1.0 M and 2.0 M sodium
sulfate solution. Trangport velocity Vg = 0.26 cm sl
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Flg.

Fig.

Fig.

Flg.

k)|

32

33

Growth and convective velocity for sodlum sulfate 2.5 M solu-
tion. Transport veloclty Vqy = 0.15 oa s7°.

Ice growth and convective velocity for 0.4 M and 1.0 M NaCl
solutlon. Transport velocity Vy = 0.15 cm s~l.

Growth and convective wvelocity as a function of crystal transport
veloclty for different molaritles, supercooling 5.5° C. Arrows
indicate expected growth rate In low g In absence of convection
observed In 1.0 g.

Ice crystal growth rate and convection velocitles at different
transport welocity for NaCl solution, 0.2 M and 1.0 M. Arrows
indicate expected growth rate in low g in absence of convectlon
observed in 1.0 g.
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. Fig. 34 Crystal growth and convectlon In 2.3 M sodlum sulfate solution.
(a-x) Nucleatlon was achleved by Inserting a decahydrate crystal Into the
tube. Initlal equilibrium temperature 27.0°C; initial supercooling

5.1°C giving Any = 0.06 (A = .6328 \m) (from Fig. M).

Thotography of a growing crystal began in low gravity (a), continued
for ~ 17 s at g ~ 0.05 + .02 (with varfability due to atmospheric tur-
bulence) and then continued as g Increases to > 1.2 g. Growth rates
are given for crystal A, B, C, h In Fig. 35.

A plume of low density had emerged from the capillsry (k, 1) and is
essentfally stationary during low g, but accelerated upward as g
fncreased. Two other plumes rise from the horizoantal crystals as gra-
vity Increases k 2, 3. The main set of fringes are from monochromatic
light (0.6328 ;m) with fringe spacing and detail In uniform density
resulting from inhomogenities Ian the coantainer and the angular offset
of the mirrors. The close fringes shown at the bottom of the cell
results from the curvature of the glass. Narrow diffraction fringes
occur around all reglons of sharp discontfinuity, and are ignored in
this analysls.

Sequence 1: a — p shows crystal growth and plume development going from
low to high g.

Sequence 2: q — x shows plume developwent In high g, decreasing on entry
' fato low g.

The boundary layer around the downward oriented crystal D(t) remains
unchanged from high g to low g, but increases as g Increases (w, x).
The boundary layer around the slant crystal E(t) decreases in thickness
as the tip convection decreases and finally ceases in low g.

Crystals still move around under low g presumably because of capillary
effects.



Fig.

Fig.

Flg.

Flg.

Fig.

Flg.

Fig.

35

36

Crystal growth rates and plume rise velocity during gravity change from
low to high. Data from Fig. 34, A,B,C,h; 1, 2, 3, k

A bouyant plume which emerged from the nucleation tube fn high g
remains almost statlonary In low g (a - 1), accelerates as g Increases
(§] - 1). A vortex ring 1s created from a fallen crystal (out of the
fleld of view) rilses as g increases (m - n). Initially a wake 18 evi-
dent, but is not apparent at a later stage (s,t). u-z shows a further
sequence with different Internal structure. Supercooling 2. 5°C.

37 a, b, ¢ Veloclty of the plume and wvortex ring in Fig. 36a related to

40

41

gravity. There is an apparent decrease of vortex ring velo-
city as it rises, In both cases. g magnitude is not avallable
fan thls region,

A downward growing lce crystal In 6.0% 1.07M NaCl (AT = 1,3° C) gives
no convective plume In low g and takes ~ 13 s to initfate a downward
convective pluse In high g. The crystal rotates and grows slightly
faster on entry into high g.

Growth velocity of the downward orlented dendrite (Fig. 38) Is unre
lated to g. The plume of high concentration NaCl solutlion takes
~ 10 s before leaving the dendrite mush,

Influence of high gravity on plume convective wvelocity and growth
rate of a horlizontally growing ice dendrlite in 6.0 1.07M RaCl.
Supercooling 1.1°C.

Nucleation and growth of convective plume transported crystals. NaCl
solution 6.0% 1.07M supercooling 1.3° C. The crystals nucleate along
the plume injected downward from the capillary tube after the initlal
nucleation (a, b). As they grow they rise (g > 1.2 in each case),
the crystal 1line becoming unstable. The higher density fluid Is
apparently carrled along with the crystals and does not have time to
drain.
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Appendix - Figure Captlons

A-1 Specific gravity - wolarity for sodium chloride solution.

A-2 Speciflc gravity — wmolarity for different temperatures of sodium
sulfate solutions. The curved lines are equilibrium for the deca-
hydrate and the anhydrlite.

A-3 Temperature dependence of the Kinematic viscosity of 2.95 M sodium
sulfate solutlon.

A-4 Refractive Index for sodium sulfate and sodium chloride solutlons.

A-5 Temperature dependence of refractive index for sea water.



